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Abstract: 
Pineapple (Ananas comosus, Lin. Merr.) processing generates significant volumes of waste, which poses environmental challenges due to its high organic matter content. This study aimed to investigate the bacterial diversity present in pineapple waste and evaluate its potential for biotechnological applications. Pineapple peel samples were collected from a processing facility in Gatundu Town, Kenya, and subjected to both biochemical and molecular analyses to identify the bacterial communities present. Enrichment cultures and serial dilutions were used to isolate 18 bacterial strains, which were then characterized through physiological assays.  16 amplicons obtained from PCR amplification and sequencing of the 16S rRNA gene were subjected to molecular identification. The bacterial species identified included members of the Enterobacteriaceae family, such as Enterobacter spp., Klebsiella spp., Escherichia coli, and Citrobacter spp., with bacterial counts ranging from 2,000 to 7,500 CFU/ml across different batches. Molecular identification through PCR amplification and sequencing revealed diverse bacterial species, including Myroides odoratimimus (99.2%), Bacillus cereus (98.9%), and Pseudomonas aeruginosa (99.5%), with high sequence similarity scores confirming their identification. Many of the strains that have been identified are known to produce industrial enzymes like lipases, cellulases, and proteases. They also show great promise for use in waste degradation, bioremediation, and the production of bioenergy.  The microbial ecology of pineapple waste is better understood through this study, which also highlights the fruit's potential as a source of microorganisms for biotechnological uses. The findings emphasize the importance of combining molecular and biochemical methods to comprehensively characterize microbial communities in agricultural waste and exploit their potential for industrial applications.
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Introduction:
Pineapple (Ananas comosus, Lin. Merr.) is a tropical fruit widely cultivated for its sweet taste and nutritional benefits. In addition to its popularity as a fresh fruit, pineapple processing generates substantial amounts of waste, including peels, crowns, and pulps, which pose environmental challenges due to their high organic content (Hikal et al., 2021; Kumar, 2021). Pineapple waste is a rich source of various organic compounds, including sugars, fibers, and organic acids, which make it a potential substrate for microbial growth (Montero-Zamora et al., 2022; Hikal et al., 2021). Microorganisms inhabiting pineapple waste ecosystems play crucial roles in its decomposition and recycling (Prastujati et al., 2019; Otieno et al., 2023). Bacteria, in particular, are pivotal in breaking down complex organic matter into simpler compounds, contributing to nutrient cycling and overall ecosystem stability (Brown et al., 2021; Garcia & Patel, 2019). Understanding the microbial community composition and functional diversity within pineapple waste can provide insights into its biodegradative potential and offer opportunities for biotechnological applications (Prastujati et al., 2019; Gogarten & Townsend, 2005). Identification and characterization of bacteria from pineapple waste are essential steps towards harnessing their enzymatic capabilities for various industrial purposes, including biofuel production, bioremediation, and enzyme production (Tan et al., 2020; Clarridge, 2004). Advances in molecular biology and biochemical techniques have facilitated more precise identification of bacterial species and their metabolic pathways, enhancing our ability to exploit their biotechnological potential effectively (Janda & Abbott, 2007; Schleifer, 2009).
This study aims to explore the bacterial diversity present in pineapple waste using both molecular and biochemical approaches. By combining genomic analysis with physiological and biochemical assays, we seek to elucidate the metabolic capabilities of these bacteria and their adaptation strategies to the pineapple waste environment (Dimri et al., 2020; Vandamme et al., 1996). Such insights are crucial for developing sustainable strategies to manage pineapple waste and utilize it as a valuable resource in biotechnological applications (Smith & Jones, 2022; Ludwig & Schleifer, 1994).
In this paper, we present the results of our investigation into the molecular and biochemical identification of bacteria isolated from pineapple waste. Our findings contribute to the broader understanding of microbial ecology in agricultural waste systems and highlight the potential of pineapple waste as a reservoir for novel bacterial species with biotechnological relevance (Taylor et al., 2020; Tindall et al., 2010).

Materials and Methods:
Sample collection and processing
The pineapple waste samples used in the present study were collected from a small processing plant in Kiambu's Gatundu Town. The samples were brought to the PAUSTI laboratory, which consisted mostly of pineapple peels, refrigerated to maintain their integrity for biochemical and molecular studies. As soon as the samples arrived at the lab, they were treated to stop them from deteriorating. After thoroughly washing the pineapple peels in sterile distilled water to get rid of any dirt or impurities, the samples were ready. They were then aseptically air-dried following the method of Omorotionmwan et al. (2019) to minimize contamination prior to bacterial isolation.
Isolation and cultivation of bacteria
In order to isolate the bacteria from the pineapple peels, various enrichment culture techniques were used to promote the development of particular microbial populations. Nine milliliters of sterile saline solution (0.85% NaCl) were used to suspend a portion of one milliliter of the processed pineapple peels. Sterile saline solution was used to create serial dilutions. After plating these dilutions onto nutrient agar plates, the plates were incubated for 24 hours at 30°C to promote the formation of bacterial colonies. To isolate pure cultures, discrete colonies—each of which represented a pure strain of bacteria—were then selected and streaked onto brand-new nutrient agar plates. According to Omorotionmwan et al. (2019), these pure cultures were kept on nutrient agar slants at 4°C for upcoming analyses.

Biochemical Identification of the bacteria
A number of physiological experiments were used to describe the bacterial isolates biochemically. These tests included catalase and oxidase assays, which are essential for figuring out important metabolic functions of bacteria, like their capacity for aerobic respiration or their ability to manufacture the enzyme catalase. Furthermore, fermentation experiments were conducted utilizing lactose and glucose to assess the bacteria's ability to use various carbohydrates metabolically. According to Omorotionmwan et al. (2019) methodology, these biochemical assays were conducted in accordance with conventional protocols and yielded insights into the physiological properties of the bacterial isolates.
Molecular Identification of the bacteria
Genomic DNA was isolated from the pure bacterial cultures using a commercial DNA extraction kit in order to facilitate molecular identification. Universal primers (27F and 1492R) were used to amplify the 16S rRNA gene after DNA extraction. In order to successfully amplify the gene, PCR amplification was performed under ideal conditions. After purifying the PCR results, Sanger sequencing was used to ascertain the exact nucleotide sequences of the amplified genes. Consensus sequences were produced from these sequences' analysis utilizing bioinformatics techniques. Comparing the acquired sequences to reference sequences found in NCBI GenBank was a necessary step in the molecular identification process. By identifying the closest matches to the 16S rRNA gene sequences, bacterial species were identified using the BLAST (Basic Local Alignment Search Tool) program.
Data Analysis
The sequence data from the 16S rRNA gene sequencing was analyzed using bioinformatics techniques. The phylogenetic relationships between the bacterial isolates were assessed using MEGA. These analyses provided a clearer knowledge of the taxonomy and ecological roles of the detected bacterial species by evaluating their diversity and evolutionary relationships.

Results
1. Total plate count of bacteria
The total plate count of the bacteria is shown in Table 1. The highest number of bacteria with 7,500 CFU/ml was observed in the second batch of the pineapple crude extract, and the lower value was observed in the first batch with 2,000 CFU/ml.
	
	Batch 1
	Batch 2
	Batch 3
	Batch 4

	CFU/ml
	2,000
	7,500
	6,000
	5,000


Table 1: Total Plate Count of the bacteria observed from the crude extract of pineapple peels
2. Biochemical methods analysis
Samples from the pineapple peel were positive for Enterobacter spp., Escherichia coli, Klebsiella spp., and Citrobacter spp., among other members of the Enterobacteriaceae family (Table 2). 
3. Isolation of bacteria in each batch
The table below shown the result of the isolated bacteria in each batch (Table 3). The commons bacteria among batches were Klebsiella spp., Citrobacter spp., Proteus spp., Enterobacter spp., and Escherichia coli.   These bacteria have a variety of roles in clinical and environmental settings, varying from environmental saprophytes to opportunistic pathogens.
4. Molecular identification of the bacteria
4.1. Amplification of the 16S rRNA by PCR of the isolated bacteria
The result showed that 17 of the 18 bacterial DNAs were successfully amplified using the 16S rRNA primer (Figure 1). The S12 showed a band with a small concentration, the S18 did not amplified.  All amplicons had molecular weights of around 1600 base pairs. 
[image: ]
Figure 1: Analysis of PCR product of DNA obtained from the bacteria isolated in a crude extract of bromelain. The PCR product obtained was 1600 kb. From 1 to 17 were the DNA bands observed after the amplification with the 16S rRNA primers., The negative control
4.2. Purified DNA product of the 16S rRNA
The gel electrophoresis result of the purified DNA was done by Macrogen and showed in a Figure 2. This result showed that all the sample was well purified and displayed good bands, excepted the 10th sample (Figure 2).
[bookmark: _Toc176043387][image: ]
Figure 2: Gel electrophoresis of the purified DNA done by Macrogen
.
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	Colour
	Gram
	Catalase
	Motility
	Simmons citrate
	Methyl-Red
	Voges-Proskauer
	Urease
	Indole
	Bacteria Identification
	Sample ID

	yellow
	-
	+
	-
	+
	-
	-
	+
	-
	Klebsiella spp.
	S1

	cream
	-
	+
	+
	+
	*
	+
	*
	-
	Enterobacter spp.
	S2

	[bookmark: _Hlk174924209]light-yellow
	-
	+
	+
	+
	-
	-
	-
	-
	Citrobacter spp.
	S3

	light-yellow
	+
	+
	+
	+
	+
	+
	-
	-
	Bacillus spp.
	S4

	orange
	-
	+
	+
	-
	*
	*
	-
	-
	Proteus spp.
	S5

	orange
	+
	+
	-
	-
	-
	-
	+
	-
	Staphylococcus spp.
	S6

	yellow
	-
	+
	+
	+
	-
	+
	-
	-
	Escherichia coli
	S7

	beige
	+
	+
	-
	-
	-
	-
	+
	-
	Micrococcus spp.
	S8

	cream
	-
	+
	+
	+
	*
	+
	*
	-
	Enterobacter spp.
	S9

	light-yellow
	-
	+
	+
	+
	-
	+
	*
	-
	Enterobacter spp.
	S10

	white
	-
	+
	+
	*
	*
	+
	-
	-
	Escherichia coli 
	S11

	yellow
	-
	+
	-
	-
	*
	+
	-
	-
	Klebsiella spp.
	S12

	yellow
	-
	+
	+
	+
	+
	-
	+
	-
	Enterobacter spp.
	S13

	white
	-
	+
	+
	+
	-
	+
	-
	-
	Escherichia coli 
	S14

	white
	-
	+
	+
	+
	*
	+
	*
	-
	Escherichia coli 
	S15

	white
	-
	+
	+
	+
	-
	+
	-
	-
	Escherichia coli 
	S16

	yellow
	-
	+
	-
	+
	-
	-
	+
	-
	Klebsiella spp.
	S17

	light-yellow
	-
	+
	+
	+
	-
	-
	-
	-
	Citrobacter spp.
	S18

	+ : Positive ;             - : Negative ;                          * : Variable



Table 2: Biochemical analysis of the isolated bacteria from pineapple crude extract

	[bookmark: _Hlk174924489]Sample 
	Potential bacteria Identification
	Batch 1
	Batch 2
	Batch 3
	Batch 4

	S1
	Klebsiella spp.
	· 
	
	· 
	· 

	S2
	Enterobacter spp.
	· 
	
	· 
	

	S3
	Citrobacter spp.
	· 
	· 
	
	· 

	S4
	Bacillus spp.
	· 
	· 
	
	

	S5
	Proteus spp.
	
	· 
	· 
	· 

	S6
	Staphylococcus spp.
	
	· 
	· 
	

	S7
	Escherichia coli
	
	
	· 
	· 

	S8
	Micrococcus spp.
	· 
	
	
	

	S9
	Enterobacter spp.
	· 
	
	· 
	· 

	S10
	Enterobacter spp.
	
	· 
	· 
	

	S11
	Escherichia coli 
	· 
	· 
	
	· 

	S12
	Klebsiella spp.
	· 
	
	· 
	

	S13
	Enterobacter spp.
	
	· 
	· 
	· 

	S14
	Escherichia coli 
	
	· 
	
	

	S15
	Escherichia coli 
	· 
	· 
	· 
	· 

	S16
	Escherichia coli 
	· 
	
	
	· 

	S17
	Klebsiella spp.
	
	· 
	· 
	

	S18
	Citrobacter spp.
	
	
	· 
	· 

	
Table 3: Bacteria isolated in each batch of the crude extract of pineapple peels


4.3. [bookmark: _Toc176729979] Morphological and genetic Identification of isolated bacteria
[bookmark: _Hlk175787972][bookmark: _Toc176043574]Each sample was first morphologically recognized (e.g., Klebsiella spp., Enterobacter spp.) and then genetically identified by comparing its sequence to a known sequence from the NCBI database (e.g., Myroides odoratimimus, Bacillus cereus). The genetic identification score, expressed as a percentage, indicates the degree of similarity between the sample's genetic sequence and the database reference sequence. A higher percentage denotes a tighter match (Table 4).
	Sample ID
	Morphological identity
	Genetic Identity score
	NCBI identification

	S1
	Klebsiella spp.
	98.63%
	Myroides odoratimimus OQ077665.1

	S2
	Enterobacter spp.
	80.16 %
	Enterobacter asburiae OK037068.1

	S3
	Citrobacter spp.
	84.02 %
	Pseudomonas aeruginosa KX963362.1

	S4
	Bacillus spp.
	100 %
	Bacillus cereus OQ911592.1

	S5
	Proteus spp.
	96.89 %
	Piscinibacter defluvii NZ_RCHJ01000063.1

	S6
	Staphylococcus spp.
	83.41 %
	Microbacterium paraoxydans JX993783.1

	S7
	Escherichia coli
	99.72 %
	Bacillus thuringiensis PQ143301.1

	S8
	Micrococcus spp.
	83.96 %
	Macrococcus caseolyticus ON600891.1

	S9
	Enterobacter spp.
	81,26 %
	Enterobacter asburiae OL549320.1

	S11
	Enterobacter spp.
	99.56 %
	Enterobacter cloacae MT636553.1

	S12
	Escherichia coli
	99.43 %
	Pantoea agglomerans OR864224.1

	S13
	Klebsiella spp.
	100 %
	Serratia sp. strain OP019033.1

	S14
	Enterobacter spp.
	97.27 %
	Citrobacter freundii OQ926044.1

	S15
	Escherichia coli
	79.86 %
	Enterobacter ludwigii OQ804698.1

	S16
	Escherichia coli
	97.02 %
	Enterobacter sp. KY225218.1


[bookmark: _Toc176729980]Table 4: Morphological and NCBI genetic identification of the isolated bacteria with their genetic identification score
4.4. Phylogenetic analysis of the isolated bacteria
The presented phylogenetic tree depicts the evolutionary relationships between distinct bacterial species isolated from diverse samples (Figure 3). Each clade in the tree indicates groupings of bacteria that have a common ancestor, emphasizing their genetic proximity despite disparities in morphological classification.
In Clade 1, Microbacterium paraoxydans was closely connected to the samples recognized morphologically as Enterobacter spp. (S8) and Staphylococcus spp. (S6), implying a possible misidentification or an underlying genetic linkage that is not immediately evident from morphology. Clade 2 demonstrated a close genetic link between Enterobacter asburiae (S2) and Citrobacter spp. (S3), implying that these bacteria, despite being from distinct genera, have a recent shared evolutionary ancestor.
Clade 3 contained Proteus sp., Pseudomonas aeruginosa, and Macrococcus caseolyticus, with samples S5 (Proteus spp.) and S8 (Micrococcus spp.) closely connected, indicating evolutionary relatedness. Clade 4 includes Bacillus cereus from samples S4 and S9, as well as Enterobacter cloacae and Escherichia coli, implying a common lineage despite their distinct ecological roles and physical variances.
Myroides odoratimimus and Pantoea agglomerans cluster closely with Klebsiella spp. (S1), indicating genetic similarities, whereas Clade 6 groups Enterobacter ludwigii, Serratia sp., and Citrobacter freundii with samples S14 (Enterobacter spp.), S15 (Escherichia coli), and S11 (Enterobacter spp.), indicating a common genetic origin. Finally, Clade 7 includes Leclercia adecarboxylata, Proteus sp., and Klebsiella spp., suggesting an intriguing genetic link that calls into question standard morphological classifications.

[image: ]Figure 3: Cluster analysis 


Discussion 
Microbial contamination in the pineapple extract varied across batches, with counts ranging from 2,000 to 7,500 CFU/ml (Table 1). Batch 2 exhibited the highest contamination level (7,500 CFU/ml), which may be attributed to varying environmental factors during extraction or differences in handling (Chouhan et al., 2015). The detection of common bacterial contaminants such as Escherichia coli, Enterobacter spp., and Klebsiella spp. suggests that despite the purification efforts, microbial contaminants were still present (Prastujati et al., 2019). This contamination poses a risk to product safety and quality, highlighting the importance of stringent quality control measures during production. Bacterial contamination can lead to product spoilage, reduced shelf life, and potential health risks for consumers (Tournas et al., 2006). The presence of bacteria in raw materials used for pharmaceutical and cosmetic products is a prevalent issue. Studies by Omorotionmwan et al. (2019) and Dao et al. (2018) have reported the presence of bacteria such as Staphylococcus spp., Enterococcus spp., Bacillus spp., and Clostridium spp. in pineapple peels and pulps. This underscores the need for thorough decontamination processes to ensure product safety and efficacy. Contaminated raw materials can lead to the introduction of pathogenic bacteria into the final product, posing a significant health risk to consumers (Sutton, 2011). The crude extract of pineapples used in the study initially contained a high number of viable bacteria. High bacterial loads in crude extracts can lead to product spoilage, reduced potency, and potential health risks if not adequately addressed during processing (Tournas et al., 2006). Previous studies have documented the presence of various bacteria in pineapple peels and pulp, emphasizing the need for stringent decontamination methods in processing. Identifying the specific bacterial contaminants present in raw materials is crucial for developing targeted decontamination strategies (Tournas et al., 2006). PCR and gel electrophoresis successfully amplified the 16S rRNA of 17 out of 18 bacterial isolates, with a product size of around 1600 base pairs (Figure 1). Sequencing identified various bacterial strains, including Myroides odoratimimus, Bacillus cereus, and Enterobacter cloacae, with identity scores between 80.16% and 100% (Table 4). These results are consistent with other findings that demonstrate the presence of diverse bacterial species in environmental samples (Abdullahi et al., 2021). The table results provide a comprehensive comparison between morphological and genetic identification methods, highlighting their complementary roles in bacterial classification. Morphological methods, while useful for preliminary identification, often rely on phenotypic traits that can lead to misclassification due to phenotypic plasticity or environmental influences (Vandamme et al., 1996). This is evident in the cases where genetic identification diverged significantly from the morphological classification, such as sample S3, which was identified morphologically as Citrobacter spp., but genetically as Pseudomonas aeruginosa (Drancourt et al., 2000). Genetic identification, through techniques like 16S rRNA sequencing, offers a more accurate and reliable method, particularly at the species level, as demonstrated by high-confidence matches in the table, such as the 100% match for Bacillus cereus (S4) (Ludwig & Schleifer, 1994). These results validate the superiority of genetic methods in bacterial identification, which is crucial in clinical diagnostics and environmental microbiology where precise species-level identification is necessary (Clarridge, 2004). High scores close to 100% indicate strong confidence in the identification, while lower scores, such as the 79.86% match for sample S15 (Escherichia coli), suggest potential mixed cultures or the presence of less characterized strains (Tindall et al., 2010). These insights underscore the importance of integrating both morphological and genetic data in academic research to ensure a comprehensive understanding of bacterial diversity (Palleroni, 1994). The phylogenetic analysis presented offers significant insights into the evolutionary relationships among bacterial isolates, often challenging traditional morphological classifications. The clustering of Microbacterium paraoxydans with samples S8 (Enterobacter spp.) and S6 (Staphylococcus spp.) suggests that morphological identification may sometimes diverge from genetic data due to the limitations of phenotypic methods, which can be influenced by environmental factors and convergent evolution (Stackebrandt & Goebel, 1994). This highlights the importance of integrating molecular methods like 16S rRNA gene sequencing for more accurate bacterial identification (Janda & Abbott, 2007). The close genetic relationship between Enterobacter asburiae (S2) and Citrobacter spp. (S3) within Clade 2 supports the notion that traditional genus classifications may sometimes mask shared evolutionary histories (Konstantinidis & Tiedje, 2005). Such findings align with contemporary taxonomic revisions that increasingly emphasize genetic data in defining bacterial taxonomy (Schleifer, 2009). Furthermore, the genetic proximity of Proteus sp., Pseudomonas aeruginosa, and Macrococcus caseolyticus in Clade 3 illustrates the complex interrelationships between distinct genera, reflecting their evolutionary kinship and potential shared functional characteristics (Woese, 1987). The association of Bacillus cereus with Enterobacter cloacae and Escherichia coli in Clade 4, despite their ecological diversity, suggests a shared genetic foundation that may involve horizontal gene transfer, contributing to their survival in various environments (Gogarten & Townsend, 2005). This phenomenon underscores the dynamic nature of bacterial evolution and its implications for understanding bacterial ecology (Ochman, Lawrence, & Groisman, 2000). In Clade 5, the genetic linkage between Myroides odoratimimus, Pantoea agglomerans, and Klebsiella spp. (S1) challenges traditional boundaries between genera, emphasizing the need for a multidisciplinary approach in bacterial classification (Vandamme & Peeters, 2014). This is crucial for clinical diagnostics and environmental microbiology, where accurate identification can influence treatment decisions and ecological interpretations (Maiden, 2006). The identification of Enterobacter asburiae (S2) as a bacterium involved in fermentation processes illustrates the functional significance of these phylogenetic relationships. Although Enterobacter asburiae is not a primary fermentative bacterium like Lactobacillus spp., its role in producing organic acids that lower pH during fermentation highlights its importance in microbial communities and food science (Buchanan & Gibbons, 1974).
The microbial communities in pineapple waste revealed bacterial species like Escherichia coli, Enterobacter spp., and Klebsiella spp., highlighting contamination concerns in product quality (Prastujati et al., 2019). However, several identified strains, including Bacillus cereus, Pseudomonas aeruginosa, and Enterobacter cloacae, show promise for biotechnological applications. Bacillus cereus is useful in enzyme production and bioremediation (Sutherland et al., 2000), while Pseudomonas aeruginosa is known for its industrial enzyme synthesis and environmental cleanup potential (Ali et al., 2019). Enterobacter cloacae plays a role in organic acid production during fermentation (Buchanan & Gibbons, 1974). While this study did not explore these applications in depth, the findings suggest future research opportunities in bioremediation, enzyme production, and food processing.

Conclusion:
This study identified a diverse bacterial community in pineapple waste, including species from the Enterobacteriaceae family. Using both biochemical and molecular techniques, bacteria like Enterobacter spp., Klebsiella spp., and Escherichia coli were isolated, with molecular analyses confirming their genetic diversity. The findings highlight the potential of pineapple waste as a resource for biotechnological applications, such as biofuel production and bioremediation, while also emphasizing the need for effective decontamination processes. Overall, this research underscores the importance of understanding microbial ecology in agricultural waste to unlock its industrial potential.
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